Spin-wave devices[@b1][@b2][@b3][@b4][@b5] are deemed as the most promising candidates for the present electronic ones[@b6]. Mach-Zehnder type spin-wave logic gates are made of long magnonic waveguides, where spin-wave propagation is manipulated to implement logic operations[@b1][@b2][@b3][@b4]. Real spin-wave chips will inevitably integrate numerous functional units to do powerful computation. Bended components will have to be used to save space[@b7]. Consequently, spin-wave propagation in bended magnonic waveguides should be addressed.

Bance *et al.* reported the transmission of backward-volume (BV) spin-wave packets through a 90° circular bend without losses[@b8]; nevertheless they did not identify the mode distribution of these spin waves, which is essential to understand the spin-wave propagation inside the bend. Quite recently, Dvornik *et al.* demonstrated the fact of the BV spin waves to follow a curved waveguide without noticeable losses at the bend[@b7], and thus claimed that the spin waves adapt the bend with their wave vectors parallel to the local magnetization. By contrast, Clausen *et al.* observed the multimode excitation of Damon-Eshbach (DE) spin waves in the post-skew arm of a skewed waveguide[@b9]. Considering the similarity between the bended and skewed waveguides, the results reported by Dvornik *et al.* should be a special instance of spin-wave transport in bended waveguides, since only a single frequency is inspected there[@b7]. Vogt *et al.* realized efficient transmission of the DE spin waves through an analogous bend by introducing a novel method to align the magnetization inside the bend[@b10], but they did not measure the mode distribution of the spin waves past the bend. To be used in nanoscale logic circuits, the DE spin waves are inferior to the BV ones, because they require an extra magnet to align the magnetization[@b7].

In Mach-Zehnder type logical gates, an external local field is frequently used to tailor the parameters of the propagating spin waves, as done in Refs. [@b2],[@b3],[@b4]. Unfortunately, Vasiliev *et al.*[@b11] pointed out that the spin-wave logic devices using an external field to control the spin-wave propagation would face intrinsic limitations, with respect to the operation efficiency by the applied field, as the waveguide is further downscaled. Therefore, it is necessary to find fresh means of constituting nanoscale interferometric logic gates. Hertel *et al.*[@b1] explored a novel route to topologically induce a phase shift of spin waves by introducing a domain wall, and utilized it to construct a Mach-Zehnder type logic-XOR gate. However, it is not easy to precisely manipulate a domain wall with the desirable structure in nanocale magnetic waveguides[@b2].

In this Letter, we study the propagation of spin waves in bended magnonic waveguides with the magnetization aligned along the waveguide. We find that the spin waves do not always adapt to the waveguide, and only at some frequencies can the spin waves follow the waveguide without significant losses. At the other frequencies, antisymmetric width modes[@b9][@b12] are excited inside the bend once the symmetric modes emitted from the antenna pass through, and then multimode spin waves superpose in the horizontal arm of the waveguide, causing a spatial beating of these modes[@b13]. The beaten spin waves can be injected into two separate waveguide branches, where the injected beams have a phase shift of \~π at some specific frequencies. Further, we demonstrate an interferometric logic-NOT gate of the Mach-Zehnder type, whose logical input is encoded by the frequency of the carrying spin wave itself.

Results
=======

The sketch of the present study is shown in [Fig. 1](#f1){ref-type="fig"}. The magnonic waveguide is a two-dimensional submicrometer magnetic strip including a 90° circular bend. The size of the target system is marked in the figure. In this work, two kinds of waveguides with the widths equal to 200 and 100 nm are considered (i.e. *w* = 100 and 200 nm). No bias field is applied to the waveguide, and thus the magnetization is aligned along the waveguide by the shape anisotropy, resulting in the BV geometry[@b14] for spin-wave propagation. A microstrip antenna for spin-wave excitation is placed in front of the bended section of the waveguide. A radio-frenquency field in the form of *h*~ac~(*t*) = *H*~0~·sin(2π*ft*), with the field amplitude *H*~0~ ranging from 5 to 100 Oe and the frequency *f* in the gigahertz range, is supplied to the antenna, where *H*~0~ is parallel to the *x*- or *z*-axis. (In practical devices, a microwave voltage is loaded onto the antenna, where the accompanying rf Oersted field couples with the magnetization and excites spin waves). Near both ends of the waveguide, the damping parameter is increased to reduce the back reflection of spin waves[@b8]. Micromagnetic simulations were adopted to investigate the spin-wave dynamics in these bended waveguides (See Methods section for details).

[Figure 2](#f2){ref-type="fig"} shows the snapshots of spin-wave distribution at a time after the steady state has been achieved. At low frequencies, the spin wave continuously follows the waveguide, with the wave vector fine adapting to the local magnetization[@b7]. The spin wave gone past the bend has the same spatial structure as that newly-radiated from the antenna, except for the decreased amplitude due to the intrinsic damping. At a slightly higher frequency, the scenario is substantially changed. Here, a zigzag-like propagation pattern is formed in the horizontal arm of the waveguide after the spin waves leaves from the bend, totally different from the continuous propagation picture for the spin wave before injection into the bend. This fact suggests that the spin wave does not always adapt to the waveguide. As the propagation manner of the spin wave changes from continuous to zigzag-like, the back reflection of the spin wave from the bend is enhanced. Actually, only for certain frequencies can the spin wave follow the waveguide without serious reflection loss. These findings reveal the limited transmission bandwidth of the spin-wave devices comprising folded components.

For the three lowest frequencies shown in [Fig. 2(a) and 2(b)](#f2){ref-type="fig"}, the spin waves before injection into the bend have the same feature of spatial distribution, say, they are nearly uniform across the waveguide width and continuous along the waveguide. The reduction of the spin-wave wavelength with the increase in the frequency arises from the dipole-exchange nature of the dispersion relation of the spin waves in such submicrometer waveguides[@b15]. When the spin wave gets into the bend, the curvature of the bend distorts the spatial profile of the spin wave. Subsequently, the spin-wave propagation behind the bend is affected.

As the frequency increases, the situation becomes more complex. At first, the symmetric width modes with higher order numbers are stimulated by the antenna to accompany the fundamental mode, leading to self-focusing[@b16][@b17] of them in front of the bend. Next, the asymmetric modes are activated when the self-focused spin waves arrive at the bend. As a consequence, at least three branches of spin waves with different mode numbers coexist in the horizontal arm of the bended waveguide. The mutual interference among these spin waves produces fine mode patterns[@b13]. Remarkably, at particular frequency (e.g., 10 GHz for the 200 nm wide waveguide and 20 GHz for the 100 nm wide one), the beaten spin waves have very simple mode structure. Note that [Figs. 2(a) and 2(b)](#f2){ref-type="fig"} correspond to two waveguides with different sizes. Thus, it is expected that the above stated discoveries represent a common feature of such submicron systems.

[Figure 3](#f3){ref-type="fig"} illustrates the Fourier amplitude maps of the spin waves with various frequencies propagating in a bended waveguide. The top panels correspond to these spin waves with the lowest frequencies, where the input antenna only excites the fundamental mode, and in addition the mode amplitude decreases with the propagation distance in front of the bend due to the natural damping of the spin wave. Inside the bended section, the amplitude distribution for the three spin waves with distinct frequencies differs substantially from each other. With the increase in the frequency, the spin-wave beam becomes narrower and meanwhile gets closer to the outer edge of the bend. It is also seen that the higher the frequency, the stronger the reflection of the incident beam at the entry of the bend, causing the spin-wave beam in front of the bend to present wavy borders at the frequency of 7 GHz. The bottom panels are for the spin waves with higher frequencies. Here, the mode patterns typical of self-focusing are clearly seen in the vertical arm. The transverse modulation of the beam strength complicates the spatial distribution of the spin-wave amplitude inside the bended section, and consequently the excitation of the secondary spin waves at the exit of the bend is equally intricate, so that the mode structure of those spin waves behind the bend is beyond the reach of the prediction.

Discussion
==========

To see how the mode patterns are formed, the dispersion relation of these spin waves existing in the waveguide is derived, as plotted in [Fig. 4](#f4){ref-type="fig"}. In the vertical arm before the bend, the modes with the order number equal to 1 and 3 are present, as expected. These modes, being symmetric about the axis of the waveguide[@b9][@b12], can be strongly coupled to the antenna\'s field and acquire the largest spectral weights. In the horizontal arm, the 2^nd^-order mode emerges in addition to the already existing symmetric modes, clearly indicating that this mode is excited due to the passage of the original spin waves through the bend.

Note that, the higher the mode number, the higher the frequency at which the related mode starts to occur. In the low-frequency range, only the fundamental mode is stimulated by the antenna, and no additional modes are excited when it goes through the bend and meanwhile the reflection of the original spin wave from the entry of the bend is negligible. As a result, the original spin wave accommodates to the whole waveguide, as seen in Ref. [@b7]. In the medium-frequency range, although still only the fundamental mode is driven by the antenna, the asymmetric 2^nd^-order mode is activated when the original spin wave flows into the bend, resulting in their coexistence in the horizontal arm of the waveguide. At the same time, the original spin wave is partially reflected from the bend\'s entry. As a consequence, the hybrid spin wave cannot always adapt to the waveguide with the wave vector parallel to the local magnetization. In the high-frequency range, more higher-order modes appear and cause multimode superposition, giving rise to finer interference patterns (see bottom panels of [Figs. 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}).

In the horizontal arm, the travelling waveguide modes can be formulated as follows, where the sine function describes the transverse profile of each mode, the cosine part the propagation character[@b16], and the exponential part the spatial attenuation[@b18]. The parameter *w\** denotes the effective waveguide width[@b19][@b20] for all the modes, *ω* the excitation frequency, *k^n^~x~* the longitudinal wave number of the *n*^th^-order mode, *φ^n^* the excitation phase, and *C~n~* the relative excitation efficiency. As reflected in [Fig. 4](#f4){ref-type="fig"}, for certain ranges of frequency, multiple modes with different order numbers exist simultaneously. These modes interfere mutually[@b13] and engender distinctive beating patterns (see [Fig. 3](#f3){ref-type="fig"}). Averaging the module of the sum of *m~n~* over a large time interval τ, one gets, which depicts the spatial distribution of the total amplitude of the involved coherent modes[@b16]. The resulting theoretical mode patterns are in good agreement with those from micromagnetic simulations \[as shown in [Fig. 5(a)](#f5){ref-type="fig"}\], proving that the zigzag-like patterns originate from the beating between the original symmetric modes and the re-excited asymmetric ones (See Methods for technical details).

For the lowest frequencies, the antenna simply sends out the fundamental-mode spin wave. When this spin wave reaches the bend, it has homogeneous phase and group velocity across the waveguide width \[see top panels of [Fig. 2(a) and 2(b)](#f2){ref-type="fig"}\]. Subsequently, it sees different magnetization orientations at the inner and outer sides of the waveguide once entering the bend \[see [Fig. 5(b)](#f5){ref-type="fig"}\]. Furthermore, the exchange field due to the curled magnetization is stronger at the inner side than it is at the outer side of the bend (see Ref. [@b21]). The dispersion relation of the spin waves inside the bended section is accordingly changed compared to that in the outside. The altered dispersion relation distorts the spatial profile of the spin wave injected into the bend, and in turn creates the asymmetry of the dynamic field inside the bend, which makes the excitation of asymmetric modes possible. From the point of view of mode conversion, the bend simply plays the role of a kind of defect in a regular waveguide[@b22], which couples the symmetric modes radiated from the antenna to all the other modes of the waveguide available at a given frequency. For these frequencies slightly higher than the turnon value, the spin-wave beam inside the bend spreads almost all over the waveguide width, so that the antisymmetric modes cannot be excited. Comparatively, for those higher frequencies, the beam entering the bend occupies only a portion of the waveguide width, inducing asymmetric distribution of the spin-wave amplitude, and thus is capable of driving the modes with the same symmetry. This explains why the spin waves with the lowest frequencies can continuously follow the waveguide, but those with higher frequencies can not (cf. top and bottom panels in [Fig. 3](#f3){ref-type="fig"}).

Combining the bended section with a double-branch unit, a Mach-Zehnder type logic-NOT gate is formed \[cf. [Fig. 5(a)](#f5){ref-type="fig"}\]. In this architecture, the antennae for inductive excitation and detection of the propagating spin waves are directly used as the input and output terminals of binary data. In real devices, the frequency of the excitation microwave is encoded as an input: 0/1, with 0 being represented by a low-frequency and 1 by a high-frequency. The amplitude of the induced voltage is coded as an output: 0/1, with 0 represented by a low-amplitude and 1 by a high-amplitude.

Micromagnetic simulations verify the functionality of the NOT gate \[cf. [Fig. 6(b)](#f6){ref-type="fig"}\]. At the frequency of 6.8 GHz, the spin-wave beams injected into the double branches have a slight phase shift. When they converge in the right arm, constructive interference[@b23][@b24] occurs and gives rise to high amplitude, i.e. logical 1. At 10 GHz, the spin-wave beams ramified into the double branches retain a phase difference of \~π, causing destructive interference[@b20] of these spin waves in the collection strip and giving low amplitude, i.e. logical 0. Note that the amplitude ratio of the two logic output signals is *m~z~*(1)/*m~z~*(0) \~ 3, which can be further increased by optimizing pertinent factors. It is seen that the bend itself in the waveguide behaves as a control element in the gate, so that no external control modules[@b1][@b2][@b3][@b4][@b5][@b25][@b26][@b27][@b28] are required any more, greatly simplifying the structure of the gate. Its operation is achieved solely by the bended waveguide as well as the excitation and probe antennae, efficiently improving the device speed by eliminating the external action cycle. We would like to point out that via frequency coding, the spin-wave filter developed by Kim *et al.*[@b29] can directly realize a logic-NOT gate, which also does not need an extra control unit for operation, thus representing a simple and even more compact architecture.

In principle, arbitrary logic operations can be performed by using a logic-NOT gate and at least one additional two-input logical gate[@b2][@b5][@b30]. Several such integrated gates have been acquired in previous works by combining the basic NOT gates in a suitable manner[@b2][@b3][@b5]. Here, the same strategy is used to construct a logical NAND gate. In what follows, the detail is given. First, two identical NOT gates are fixed symmetrically about the *x*-axis, then their output arms are merged into a single collection arm to form the output terminal of the NAND gate, and finally the input antennae of the NOT units are directly used as the input terminals of the integrated gate, resulting in a Y-shaped structure of the logic-NAND gate, as shown in [Fig. 6(c)](#f6){ref-type="fig"}. Note that the spin-wave injection ends of our NAND circuit are not merged together, which is different from the situation in the seminal Ref. [@b2] where two Mach-Zehnder interferometric logic-NOT gates are connected in parallel to give a universal NAND gate. The reason is that for the frequency-coding scheme the spin waves flowing through individual NOT units of the NAND gate need to have different frequencies. The possibility of forming a NAND gate based on such NOT gates makes the bended magnonic waveguide very attractive as a building block for constructing practical logic devices.

In conclusion, we examine the spin-wave propagation in a bended magnetic waveguide on the submicrometer scale by means of micromagnetic simulations. The transmission of the spin waves through the bend is found to depend on the used frequency. For the lowest frequencies, the traveling spin waves continuously follow the entire waveguide[@b7]. For the higher frequencies, the spin waves propagate along complex zigzag-like path[@b9] formed in the waveguide when they pass through the bended section. In the later case, the bend functions as a mode converter for the transmitting spin waves. By use of the frequency-dependent property, we numerically demonstrate the functionality of a Mach-Zehnder interferometric logic-NOT gate based on the bended waveguide. We also suggest that it is possible to construct a logical NAND gate by combining such NOT gates[@b2][@b5]. These findings would be of importance for the design and optimization of magnonic devices involving bended waveguiding components.

Methods
=======

Micromagnetic simulations
-------------------------

LLG micromagnetics simulator--a finite-difference code[@b31], was adopted to numerically solve the Landau-Lifshitz-Gilbert equation--the equation of motion of magnetization[@b32], by which the linear spin-wave dynamics[@b33] can be well described. The target waveguide was divided into a regular array of cubic meshes, which have a size of 5 or 2.5 nm. The material parameters typical of Permalloy were used, i.e., the saturation magnetization is 860 emu/cm^3^, the exchange stiffness is 1.3 × 10^−6^ erg/cm^3^, and the magnetocrystalline anisotropy was neglected. The Gilbert damping parameter is as high as 0.1 and 0.5 in the gray and blue end regions, respectively, and it is 0.01 in the region outside the absorbing ends. The equilibrium configuration of static magnetization in the bended waveguide under a zero external field is extracted by relaxing the system from artificially given states with saturated magnetization. In the ground state, the magnetization well follows the waveguide \[see [Fig. 5(b)](#f5){ref-type="fig"}\] except in the end regions where the magnetization deviates from the long axis of the waveguide due to demagnetization.

A series of dynamic simulations using different values of the antenna width (5 to 60 nm), the amplitude of excitation field (*H~0~*, 5 to 100 Oe), and the mesh size (2.5 or 5 nm, both are smaller than the exchange length of Py) have been run to check the influence of these parameters on the transmission characteristics of the spin waves. Finally, no qualitative difference has been found among the simulation results. We thus estimate that the observed spin-wave dynamics well lie in the linear regime.

Experimentally, edge roughness in the real samples of a bended waveguide cannot be avoided for current microfabrication technologies. However, the real roughness can be numerically represented by the staircase-like edge steps along the curved boundary of a bended waveguide due to the rectangular mesh used in the finite-difference micromagnetic simulations (see Ref. [@b34]). The fact that various simulations in our study with meshes of different sizes give the same results suggests that the edge roughness does not play a significant role for the addressed phenomenon.

Theory
------

In Eq. (1), we assume that all the spin waves have the same values of *D* and *w*\*, regardless of the mode number and frequency. The value of *D* is extracted by fitting the decay of the simulated FFT amplitude of the 5 GHz spin wave behind the bend (the top-left panel in [Fig. 3](#f3){ref-type="fig"}) against the propagation distance using an exponential function. The values of *k^n^~x~* are derived from the simulated dispersion relation ([Fig. 4](#f4){ref-type="fig"}) for the given frequencies (*ω*), and *w*\* and *C~n~* are left as free parameters. It is found that the value of *w*\* = 240 nm makes the theoretical amplitude maps agree well with the simulated ones. For the frequency of 7 GHz, considering only the 1^st^ and 2^nd^ modes, one finds that *C*~1~ = 1, *C*~2~ = 0.8, *φ*~1~ = 0, and *φ*~2~ = (15/180)π allows the best agreement between the theoretical and simulation results. For 9 GHz, the 3^rd^ mode is additionally taken into account, and then *C*~1~ = 1, *C*~2~ = 1.2, *C*~3~ = 0.8, *φ*~1~ = 0, *φ*~2~ = π, and *φ*~3~ = (165/180)π leads to the best consistency. In the time-averaging procedure, the integration expressed by Eq. (2) is replaced by a summation, running over a time interval of *τ* = 5 ns discretized into 1250 time steps (i.e., the step length is 4 ps), to mimic the finite-difference nature of the simulations[@b31].
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![Setup for spin-wave excitation and propagation in a bended magnetic waveguide.\
The inner and outer radii of the bend are equal to *w* and 2*w*, respectively, where *w* is the width of the waveguide. In the present work, *w* = 100 and 200 nm, and the thickness of the waveguide is 5 nm. The vertical and horizontal dimensions of the waveguide are 1.2 and 2 μm, respectively. The gray and blue regions at the end of the waveguide form an absorbing boundary (Ref. [@b8]). No bias field is imposed. The microstrip antenna is a source for traveling spin waves. The antenna is fixed at such a position that the distance between its centre and the entry of the bend is 500 nm.](srep02958-f1){#f1}

![Snapshots of spin-wave distribution inside the bended waveguides at a time of 10 ns after applying the excitation field.\
The frequency values are labeled in each panel. The widths of the waveguide are (a) 200 nm and (b) 100 nm, respectively. Note that the evolution of the spin-wave distributions as a function of the frequency exhibits the same tendency for the two different waveguides.](srep02958-f2){#f2}

![Fast Fourier transform (FFT) amplitude distributions for the spin waves corresponding to [Fig. 2(a)](#f2){ref-type="fig"}.\
The mode structures for spin waves at each frequency can be easily resolved, although the decay of spin waves with the propagation distance is not compensated.](srep02958-f3){#f3}

![Dispersion relation of the spin waves propagating in the 200 nm wide waveguide.\
Panels (a) and (b) are for the spin waves in the vertical and horizontal arms of the bended waveguide, respectively. The mode numbers are marked next to each curve.](srep02958-f4){#f4}

![Comparison between theoretical and simulation results.\
(a) The exemplary mode patterns of the spin waves at the frequencies of 7 and 9 GHz are presented. Enclosed in the boxes and inserted above are simulation and theoretical results, respectively. (b) Calculated ground-state configuration of magnetization around the bended section of the waveguide.](srep02958-f5){#f5}

![Demonstration of a logical NOT gate and schematic concept of a NAND gate based on such NOT gates.\
(a) Schematic diagram of the Mach-Zehnder logic-NOT gate composed of a 200 nm wide bended waveguide. The sizes of the vertical arm and the bend are the same as given in [Fig. 1](#f1){ref-type="fig"}. The horizontal arm situated between the bend and the bifurcation is 500 nm in length. The double branches made of two 60°-arc-shaped strips are 600 nm long in the *x*-axis, and each of them is 80 nm wide. The strip connected to the double branches is \~430 nm long and 80 nm wide. Each component of the gate is 5 nm thick. The red- and green-colored microstrips are data input and output terminals, respectively. Inset: truth table for the gate. (b) Snapshots of spin-wave distribution inside the gate for the frequencies of (left panel) 6.8 GHz and (right panel) 10 GHz. Insets: each left subpanel shows the input signal loaded onto the radiation antenna, and each right subpanel plots the corresponding output signal detected by the reception antenna. If a low-frequency/high-frequency microwave signal (logic 0/1) is sent into the waveguide via the input antenna, the output antenna will receive a high-amplitude/low-amplitude spin-wave signal (logic 1/0) due to the constructive/destructive interference of the spin waves in the collection strip. (c) The logical NAND gate composed of two NOT gates. The output arms of these NOT gates are connected together, forming the single output terminal of the NAND gate. The spin-wave injection antennae are used as the input terminals.](srep02958-f6){#f6}
